T-cell receptor excision circle levels are a surrogate marker of T-cell production and immune system function. We sought to determine whether non-pathological levels of infant T-cell receptor excision circles were associated with adverse events following immunization. A self-controlled case series design was applied on a sample of 231,693 children who completed newborn screening for severe combined immunodeficiency in Ontario, Canada between August 2013 and December 2015. Exposures included routinely administered pediatric vaccines up to 15 months of age. Main outcomes were combined health services utilization for recognized adverse events following immunization. 1,406,981 vaccination events were included in the final dataset. 103,007 children received the Pneu-C-13 or Men-C-C vaccine and 97,998 received the MMR vaccine at 12 months of age. 67,725 children received the varicella immunization at 15 months. Our analysis identified no association between newborn T-cell receptor excision circle levels and subsequent health services utilization events following DTa-IPV-Hib, Pneu-C-13, and Men-C-C vaccinations at 2-month (RI 0. 
Introduction
Pediatric vaccines have contributed to the significant reduction in the spread of infectious diseases and associated pediatric morbidity and mortality. Monitoring of vaccine safety is an active component of any immunization system, and includes clinical trials testing of new vaccines and ongoing post-market surveillance of adverse events after vaccines have been licensed for use. Although phase 3 clinical trials can typically identify adverse events occurring at a rate of 1:10,000, rarer events may not be identified, thus necessitating ongoing monitoring. 1 The medical literature overwhelmings supports the safety of vaccination. 2 While there is substantial evidence that vaccines are safe for healthy children, 3, 4 those with altered immune function respond differently to vaccination. 5, 6 Children with primary immunodeficiencies are at increased risk of adverse events following immunization with live-attenuated viruses or bacteria. [7] [8] [9] In some cases, these children also have lower immunogenicity to non-live or inactivated vaccines. 10 In the province of Ontario, data on routinely administered vaccinations are submitted through physician billing claims to the province's health insurance program, the Ontario Health Insurance Plan (OHIP). OHIP covers almost all of Ontario's approximately 13.5 million residents, except for newcomers who have resided in the province for <3 months and refugees covered under federal health programs. There is no parallel private delivery of health services in Ontario for hospitalizations. The publiclyfunded Ontario immunization program 11 offers six different vaccines for infants within the first 15 months of life: pentavalent diphtheria, pertussis, tetanus, polio, and Haemophilus influenzae type b vaccine (DTaP-IPV-HiB); 13-valent pneumococcal conjugate vaccine (Pneu-C-13); rotavirus vaccine (Rot-1); measles, mumps, and rubella (MMR) vaccine; meningococcal C (Men-C-C) vaccine; and the varicella (var) vaccine.
Severe combined immunodeficiency (SCID), a primary immunodeficiency syndrome, is the result of genetic defects that impair T-cell and B-cell development. Children with SCID are susceptible to severe infections caused by a wide range of pathogens that are not typically harmful to children with normal immunity. For this reason, vaccines with live-attenuated viruses or bacteria are contraindicated for SCID patients until a working immune system can be established. 5, 6 T-cell receptor excision circles (TRECs) are formed from mature and na€ ıve Tcells in the course of genetic recombination [12] [13] [14] whereby excised gene segments form stable extrachromosomal circular DNA products. [13] [14] [15] TRECs are not replicated in the periphery during cell division, and as such they are used as surrogate markers of new T-cell production and thymic function. 13, 15 Infants with SCID have very low T-cell counts, and thus low TREC levels. TREC copy number (per microliter of blood) at birth has proven to be a sensitive and specific screening test for SCID. 16 SCID screening has been implemented in several jurisdictions in Canada, including Ontario as well as 49 states in the United States as of May 2017. 17 It is currently unknown whether non-pathological TREC levels in newborns are associated with vaccine reactogenicity.
Past studies have used health services utilization post-immunization as a marker of vaccine reactogenicity. [18] [19] [20] [21] [22] [23] Most live attenuated vaccines including rotavirus, measles mumps and rubella, and varicella vaccines elicit strong cell-mediated and humoral immune responses. The mechanisms through which these vaccines elicit primary T-cell activation vary by vaccine, however. We have previously demonstrated that the nature and timing of health services utilization following immunization mirrors the expected physiological response to vaccination. 18, 19 We hypothesized that differences in TREC levels at birth amongst children without SCID would predict infants' subsequent immune response and reactions to vaccines as manifested by different patterns of health services utilization following immunization.
Results

Baseline data
We included a total of 231,689 children and 1,406,981 vaccination events in the final dataset: 189,715 OHIP eligible children received immunizations at 2 months of age (DTap-IPV-Hib or Pneu-C-13 vaccine), 178,356 at 4 months (DTap-IPV-Hib or Pneu-C-13 vaccine), and 156,903 at 6 months (DTap-IPV-Hib vaccine only). A total of 103,007 children received the Pneu-C-13 or Men-C-C vaccine and 97,998 received the MMR vaccine at 12 months of age. 67,725 children received the varicella immunization at 15 months.
The number of health services utilization events over the course of pre-and post-vaccination periods for each vaccination timepoint are presented in Figure 3 . Health services utilization events by TREC quintile for 6-month and 15-month vaccination timepoints are provided in Figure 4 to demonstrate the different service utilization trends following non-live and live attenuated vaccinations, respectively. The most frequent diagnoses associated with health services utilization events after each vaccination, by TREC quintile, are provided in Table 3 .
2-, 4-and 6-month vaccination outcomes
189,715; 178,356; and 156,903 children received their prescribed parenteral vaccinations at 2-, 4-, and 6-months, respectively. The relative incidences of health services utilization events were 0.94(95%CI 0.87-1.02), 0.82(95%CI 0.75-0.90), and 0.63(95%CI 0.57-0.70) respectively for confirmed non-live vaccine exposure at 2-, 4-, and 6-months. We observed no statistically significant differences in RIRs across TREC quintiles for these vaccination timepoints (Table 4) .
12-month vaccination outcomes
103,007 children received their Pneu-C-13 and Men-C-C vaccinations within 2 weeks before and 40 days after the prescribed immunization date. 367 of these children experienced one of the combined end-points within 48 hours of vaccination compared to 2,413 children in the 9-day control period. A total of 97,998 OHIP-eligible children received the MMR vaccine. Of these, 2,592 were admitted to hospital 4-12 days post-vaccination compared to 1,821 children in the 9-day control period for active vaccine exposure. The relative incidence of an event was 0.49(95%CI 0.44-0.55) and 1.43(95%CI 1.34-1.52) for non-live and live attenuated vaccine exposure, respectively. Although RIRs were lower for children with TREC levels in the second quintile compared to the highest, fifth quintile following confirmed non-live vaccination, there was no signficiant linear trend in RIRs by TREC quintile (Table 4) .
15-month vaccination outcomes
67,725 OHIP-eligible children received a varicella immunization within 2 weeks before and 40 days after the prescribed immunization due date. Of these, 1,298 children experienced one of the combined end-points 4-12 days post-vaccination compared to 1,131 children in the 9-day control period for active vaccine exposure. The relative incidence of an event was 1.14(95%CI 1.05-1.23). The RIRs across quintiles of TREC levels did not significantly differ (Table 4) .
Sensitivity analyses
Inclusion of general vaccine billing codes did not alter the conclusions of our analyses. Comparison of patients with TREC levels in the 1 st and 99 th percentiles did not yield significantly different RIRs for any of the immunizations examined. Extending the length of the risk period for 12-month vaccinations did not identify an effect for any of the analyses. 
Discussion
Our analysis demonstrated that newborn TREC levels were not associated with increased health services utilization post-immunization for vaccines received at 2-, 4-, 6-, 12-and 15-months of age. To our knowledge, this is the first study to examine measures of immunity at birth and health services utilization following immunization.
For an effective immune response to immunization, both the innate and adaptive immune systems need to be activated. Depending on their mechanism of action, vaccines invoke a direct influence on immune effectors. Many inactivated vaccines are extracellular antigens and they induce mainly antibody responses. In contrast, attenuated live vaccines deliver anitgens to the interior of antigen presenting cells to elicit strong T-cell-mediated immunity. Immune responses elicited by live attenuated vaccines are similar to those occurring after a natural infection. Therefore, they efficiently trigger the activation of both the innate and humoral immune systems and usually generate a stronger CD8C cytotoxic T-cell response. 24, 25 Our findings are reassuring as they provide further evidence to support the safety of routine pediatric immunizations.
Strengths of our study include the direct linkage between newborn screening and health services data, the populationbased nature of the analysis and the use of the SCCS design. Using this system, we have conducted several analyses of vaccine safety. 18, 19, [26] [27] [28] Spikes in health services utilization in the time following vaccination may constitute a vaccine safety signal and serve as a measure of vaccine reactogenicity. Exploration of the reasons for health services utilization allows for signal validation and hypothesis generation. Use of vaccine specific codes with demonstrated high specificity and moderate sensitivity in pediatric patients 29 additionally ensured that subjects were appropriately identified based on exposure status. Another strength of our approach is our use of relative incidence ratios. As a result of the healthy vaccinee effect (i.e. children are vaccinated at a time when they are particularly healthy and unwell children often defer vaccination), [30] [31] [32] risk of health services utilization immediately post-vaccination is often lower than overall baseline risks pre-vaccination. Relative incidence ratios enabled us to compare this risk across groups to uncover interactions that may otherwise have beeen masked.
Our study also had limitations. First, our main analysis was limited to vaccines with specific billing codes. While we restricted our analysis to examination of the non-live DTaP-IPV-HiB vaccine at 2, 4, and 6 months of age, children receiving this vaccine may also have received the oral live-attenuated rotavirus vaccine at 2 and 4 months, for which there is no specific code. Sensitivity analyses to address this found no effect, however. Second, our study is potentially limited by our use of TRECs as the primary measure of immune system function. The use of TREC as a screening test for SCID has been shown to be nearly 100% sensitive for the identification of classic SCID patients. Collective data from multiple jurisdictions that have implemented SCID screening have also shown that the TREC assay also detects a variety of genetic and syndromic T-cell lymphopenia disorders, as well as secondary causes of T-cell lymphopenia. 33 Although TRECs have been used to examine immune system function across an array of conditions, it is unclear whether newborn TREC levels may be used as a long-term measure of immunity, and it has not been established whether TREC levels at birth are correlated with levels at the time of vaccination or correlate with immunity in healthy children. In addition to the detection of neonatal primary immunodeficiency, TRECs have been used to examine success of antiretroviral therapy 15, 34, 35 and bone marrow transplantation. [36] [37] [38] [39] This study represents further exploration in the emerging field of examining predictors of adverse events to immunization using biomarkers. [40] [41] [42] [43] Large databases of genetic, proteomic, immunogenic and metabolic markers can be combined with novel bostatistical approaches can be utilized to identify individuals who may be susceptible to adverse events from immunization. Future work related to this study should seek to determine if TREC levels change over the course of childhood and, in particular, whether TREC levels at the time of newborn screening are correlated with levels at the time of subsequent immunization. Comparison of TREC levels of children with and without recognized adverse events following immunization is also warranted as well as the general correlation of TREC levels in non SCID infants and subsequent health outcomes. Our analyses suggest, however, that newborn TREC levels do not predict health services utilization following childhood immunization and provide further support for the safety of routine 2-, 4-, 6-, 12-, and 15-month vaccinations amongst the pediatric population.
Methods
Study design
We used the self-controlled case series (SCCS) design. 20 The SCCS methodology relies on exposed cases that have experienced the primary outcome of interest, the incidence rate of health services events (emergency department, ED, visit or hospital admission). In our study, children contributed towards SCCS estimates if they had both received a vaccine and had at least one health service event during the study period. The SCCS is frequently used for evaluating vaccine safety. [44] [45] [46] [47] [48] [49] [50] [51] SCCS uses conditional Poisson modelling to compare the incidence rate of health services utilization in the post-vaccination (risk) period to the incidence during the unexposed (control) period, during which it would be unlikely for the vaccination affect the outcome of interest ( Figure 1 ). Comparing incidence rates as opposed to number of events, eliminates issues that may arise when comparing risk and control periods of differing lengths. The conditional component of the model arises from the fact that the SCCS method allows for person-specific effects on the incidence rate, however these were not of primary interest to the study. It was therefore possible to estimate parameters of interest without estimating extra nuisance parameters. As a self-controlled analysis, this approach implicitly adjusts for all measured and unmeasured time-invariant covariates. 15, 34 A survey of the SCCS methodology is presented by Whitaker et al. 47 
Participants
This study included 231,689 children who completed newborn screening for SCID in Ontario between its implementation on August 12 th 2013 and December 31 st 2015 and who received at least one of the provincially recommended pediatric vaccines. 
Exposures
Exposures of interest were routinely administered pediatric vaccines up to 15 months of age for which administrative data exist. The Ontario Routine Pediatric Immunization Schedule for children 0-15 months of age is provided in Table 1 . Of these, the rotavirus, varicella and MMR vaccines are live attenuated virus vaccines and the remainder are non-live. All vaccines with the exception of rotavirus vaccine are given parenterally; rotavirus vaccine is given orally. Vaccine-specific billing codes are available for all of the recommended parenteral pediatric vaccines. These codes have previously been validated by Shwartz et al. in a pediatric setting and have been shown to have specificity ranging from 88.5% -91.5% and sensitivity ranging from 70.1-72.4%. 29 All vaccines for which vaccine-specific billing codes were available for this age group were examined.
Outcomes
Our outcome of interest was the incidence rate for combined health services utilization, specifically ED visits and hospitalizations, for recognized adverse events following immunization. Events not likely associated with the vaccination itself were excluded (Appendix A). Where multiple events occurred on the same day (e.g. an ED visit leading to a hospital admission) we counted only one event.
Data sources
Provincial newborn screening data and health service data, including vaccine administration, are available as linked datasets housed at the Institute for Clinical Evaluative Sciences (ICES; Toronto, Canada). All datasets were linked using unique encoded identifiers. The Newborn Screening Ontario (NSO) dataset was used to obtain TREC screening levels and other relevant birth data. Approximately 140,000 children are born each year in Ontario, virtually all (>99%) of whom undergo newborn screening. Initial data cleaning removed duplicate records, mismatched or invalid mother-infant OHIP numbers, 'unsatisfactory' newborn screening samples, and incomplete records (for those infants with multiple screening records on file).
Data were further cleaned to remove those records with missing or conflicting birth or collections dates (data entry errors), TREC values, and gestational ages. Infants who received a definitive diagnosis of SCID or SCID variants were excluded from the analysis, as were multi-fetal births, preterm births (birth at <37 weeks gestational age) and infants who were tested outside of the prescribed 24-72 hours sampling period, as TREC levels in these infant groups may be unreliable due to a variety of physiological sequelae. A flowchart depicting cohort creation is provided in Figure 2 .
Pediatric vaccinations were identified using vaccine-specific billing codes available from the OHIP claims database. The Canadian Institute for Health Information's (CIHI) Discharge Abstract Database was used to identify all hospital admissions in the province, and CIHI's National Ambulatory Care Reporting System was used to identify ED visits. Lastly, the Registered Persons Database was used to ascertain OHIP coverage eligibility and date of death, if applicable.
Statistical methods
We examined the association between quintile of TREC levels and health services utilization. TREC levels were standardized by calendar week of sample collection and by patient age at the time of collection. The resulting standardized series permitted exploration of whether relatively low or high TREC values differed with respect to the primary outcomes of interest, within each quintile. Details of our statistical analyses are provided in the appendix.
At each timepoint, infants were included if there was record of the infant receiving at least one of the provincially recommended vaccines. Infants were included for 2-, 4-, 6-month vaccination analyses if they were eligible for OHIP coverage at 6 months of age. Infants were included for 12-or 15-month vaccination analyses if they were eligble for OHIP at 12-or 15-months of age respectively. Each vaccination point was analysed (modelled) independently from the others. Vaccinations were confirmed through examination of vaccine-specific billing codes (Appendix B) and were included if they were administered up to 14 days before and 40 days after the vaccination due date. Children were excluded if they didn't receive one of the vaccinations of interest, received vaccinations outside of the prescribed window of vaccination, or received vaccinations on multiple days within a given vaccination window were not included in the analysis.
We examined health services events occurring during prespecified risk and control periods relative to immunization. Risk and control periods were defined a priori based on expected timing and character of reactogenicity to vaccination 26, 52 (Table 2 ). Risk periods were based on the biologically expected impact of the vaccine and our previous work.
18,28,53 0-48 hours post-immunization was used as the risk period for non-live vaccines, and 4- 12 days post-immunization for live-attenuated vaccines. The control periods were based on when the number of events post-vaccination had equilibrated, as determined through graphical examination. We elected not to use a pre-vaccine control period as we have previously demonstrated that the number of hospital events steadily drop after birth. Using a pre-vaccine control period would have therefore biased against detecting a signal. Post-immunization events following exposure to live attenuated or non-live vaccinations were independently examined for the 12-month months-of-age timepoint at which both live attenuated and non-live vaccines are recommended. Our work has previously demonstrated that these two risk intervals are sufficiently distinct and there is unlikely to be contamination of events between these risk intervals. 18 For each vaccination point, relative incidences were presented comparing risk and control period using an SCCS model containing only the period effect.
For each vaccination point, we additionally explored the relationship between infant TREC levels and incidence rates during the risk and control periods, TREC level groupings were based on the population level quintiles, after exclusion criteria were applied.
To explore this, we used the SCCS model with a period main effect and a quintile by period interaction. In the same way as Hawken et al, we calculated relative incidence ratios (RIRs) for each TREC quintile versus the highest TREC quintile, designated as the reference category. 53 The RIR estimate represents the change in relative incidence between the risk and control period for each TREC quintile relative to the reference quintile. P-values of the likelihood ratio test for interaction in the SCCS model were used to establish whether the RIR for TREC level was statistically significant. 47 We conducted five sensitivity analyses to ensure the conclusions reached were robust. (1) We re-ran analyses to include general vaccine codes. (2) We separated the 1 st and 99 th percentiles of TREC levels to determine whether extreme values had a differential relative rate of adverse events compared to the 
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